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Summary 
During Drosophila embryogenesis, a cell sheet move- 
ment, dorsal closure, allows establishment of the dor- 
sal epidermis. In this morphogenetic process, lateral 
epithelia undergo a dramatic movement toward the 
dorsal midline. In the mutant hemipterous (hep), 
spreading of the epithelia is blocked; in genetically 
sensitized hep embryos, cell sheet movement can be 
arrested at any time, indicating hep requirement in 
maintaining this morphogenetic activity. Further, hep 
is required for expression in the dorsal epithelium 
edges of another dorsal closure gene, puckered. The 
HEP protein is homologous to the Jun kinase kinase 
(JNKK) group of mitogen-activated protein kinase ki- 
nases (MAPKKs). These data suggest that hep func- 
tions in a novel Drosophila MAPK pathway, controlling 
puckered expression and morphogenetic activity of 
the dorsal epidermis. 
Introduction 
Morphogenetic movements playacentral part in theestab- 
lishment of germ layers and the overall body organization 
in metazoan development. The cellular and mechanistic 
aspects of concerted cell movements have been de- 
scribed in several organisms, and a number of studies 
suggest an important role for cell communication in mor- 
phogenesis (for reviews, see Fristrom, 1988; Hynes and 
Lander, 1992; Hynes, 1992; Costa et al., 1993). Yet, the 
molecular mechanisms underlying such fundamental cell 
behaviors remain poorly understood. In Drosophila, the 
identification of mutations affecting specific morphoge- 
netic movements offers a means to identify gene pathways 
involved in these processes. One much-studied process 
is gastrulation, which involves folding and invagination of 
different cell sheets (for recent reviews, see Costa et al., 
1993; Leptin, 1994). 
In comparison, later morphogenetic processes taking 
place in multilayered and differentiated embryos have 
been less well characterized. In vertebrates, several pa- 
thologies have their origin in specific morphogenetic disor- 
ders (e.g., human dysraphism; Dias and Walker, 1992), 
demonstrating the importance of elaborating models of 
morphogenesis. 
To develop a genetic model of cell sheet movement, we 
are investigating dorsal closure (DC) in Drosophila. DC 
takes place at midembryogenesis and allows the estab- 
lishment of the dorsal epidermis (Campos-Ortega and 
Hartenstein, 1985; Martinez Arias, 1993). Before the onset 
of DC, only the ventral and lateral surfaces of the embryo 
are covered by epidermal cells, while the dorsal side is 
covered by the amnioserosa membrane. The main step 
in DC is the concerted, dorsalward spreading of the two 
lateral epidermal primordia over the amnioserosa. This 
movement is accompanied by epithelial cell elongation in 
the absence of either cell proliferation or cell rearrange- 
ment (Young et al., 1993). On meeting at the dorsal mid- 
line, the two cell sheets fuse and the internalized amnio- 
serosa eventually degenerates. In contrast with our 
knowledge of the temporal and morphological hallmarks 
of DC, little is currently known about the molecules and, 
hence, the forces triggering and driving this morphoge- 
netic movement. More particularly, it is unclear what 
mechanism(s) turns a motionless epithelium into a coordi- 
nated movable sheet of cells. 
Near-saturation mutagenesis of the Drosophila genome 
provides an insight into DC by revealing a class of lethal 
mutations causing various defects in dorsal epidermis 
(Jiirgens et al., 1984; Ntisslein-Volhard et al., 1984; 
Wieschaus et al., 1984; Perrimon et al., 1989). A prediction 
is that mutations altering DC genes should lead to embry- 
onic lethality associated with defects in the formation of 
the dorsal epidermis and result in a dorsal hole. Such a 
phenotypic class could equally reflect alterations in the 
establishment of the dorsoventral axis (Terracol and Len- 
gyel, 1994; Penton et al., 1994) so those mutants in which 
DC is selectively altered should be distinguished by virtue 
of their unaffected body plan. 
We applied the above criteria to identify and clone a 
gene required specifically in DC, which we have named 
hemipterous (hep). Phenotypic analysis revealed that hep 
loss-of-function mutations impair DC, while the body plan 
remains unaffected. Embryos lacking both maternal and 
zygotic hep functions are blocked in the spreading phase 
of DC, thereby indicating that hep is important for proper 
morphogenetic activity of the cell sheets. Absence of epi- 
thelial motion in hep mutant embryos is accompanied by 
misexpression in the dorsal epithelium edges of an en- 
hancer-trap inserted in puckered @UC), another DC gene 
(Ring and Martinez Arias, 1993). The predicted hep gene 
product is closely related to mitogen-activated protein ki- 
nase kinases (MAPKKslMEKs; Ahn et al., 1992). We pro- 
pose that epithelial morphogenetic activity during DC de- 
pends upon the activation of a novel MAPK-dependent 
signal transduction pathway in Drosophila, a candidate 
target of which is put. 
Results 
Isolation of Mutations in the hep Locus 
Mutations of genes with specific functions in DC are pre- 
dicted to induce dorsal epidermal defects. We therefore 
focused on a P element-induced mutation that provokes 
such defects and that we have named he@. hep’ is located 
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on the X chromosome and is a recessive maternal effect 
mutation: homozygous hep’ females crossed to /rep’ 
males lay eggs that do not hatch. In contrast, these fe- 
males yield solely female progeny when mated to wild-type 
males, indicating that the paternal X chromosome can zy- 
gotically rescue the maternal effects of hep’. In both 
crosses, cuticle preparations of dead embryos show a 
large gap in the dorsal structures (Figure 1 B), suggesting 
that DC is abnormal (see below). In addition to a maternal 
effect, hep’ causes poorly penetrant (- 3%) but strikingly 
unilateral deletions of adult structures such as wing (hence 
the name of the gene), dorsal mesothorax, eye, or meta- 
thoracic leg (data not shown). 
P element excisions generated by hybrid dysgenesis 
(see Experimental Procedures) led to two classes of re- 
vertants: 30 revertants behaved like wild type and presum- 
ably represent precise P excisions (see legend to Figure 
5) whereas 4 resulted in a recessive, late larval/pupal 
lethality. These results establish that the hep’ phenotypes 
are due to the X-linked P insertion. They also indicate 
that imprecise excisions of the transposon can generate 
astronger, zygotic lethal phenotype. All four induced lethal 
mutations (referred to as hep? fail to complement the ma- 
ternal effect of hep’ (Figure 1C). Homozygous germline 
clones generated inhep’l+females(see Experimental Pro- 
cedures) lead to embryos phenotypically similar to those 
derived from hep’lhep’ or heteroallelic hep’lhep females 
(Figure 1 D). Together, these results indicate that/rep’ and 
hep’ mutations are allelic. 
The single P[ry+] insertion in hep’ is located at cytologi- 
cal position 11 D1,2. A previously identified mutation in the 
11 D interval, /(7)7P7 (Perrimon et al., 1989), was tested 
and found to be allelic to hepI. Deficiency mapping indi- 
cates that Df(l)N12 uncovers the hep locus. Embryos from 
Df(7)N72/hepi females showed defects similar to those 
derived from hep’lhep’ females (data not shown), sug- 
gesting that hep’ alleles represent null or severely hypo- 
morphic mutations. hep’lhep’ females also give rise to 
embryos phenotypically similar to heteroallelic combina- 
tions (Figure l), suggesting that hep’, although a viable 
allele, is a strong maternal effect but weak zygotic mu- 
tation. 
hep Mutations Do Not Affect Axis Patterning 
Although hep is required zygotically for larval/pupal devel- 
opment, we only focus here on its embryonic functions. 
is top and posterior bottom. (A) is a lateral view; 
(B)-(D) are dorsal views. 
Cuticles of mutant embryos derived from hep’ homozy- 
gous females, heteroallelic mutant combinations, or hep’ 
germline clones (henceforth referred to as hep mutant em- 
bryos) display strong head defects and lack dorsal epider- 
mis, resulting in a dorsal hole (Figures 1 B-l D). A class 
of such mutations was revealed by extensive screening 
for embryonic lethal mutants (Jtirgens et al., 1984; Ntissl- 
ein-Volhard et al., 1984; Wieschaus et al., 1984; Perrimon 
et al., 1989). These so-called dorsal-open mutants may 
represent a group of genes with specific functions in DC. 
Alternatively, this shared phenotype may also be due to 
incorrect patterning of the embryo at early stages, with 
dorsal epidermis defects appearing secondarily, e.g., as 
in the case of thick veins mutants (Nusslein-Volhard et al., 
1984; Terracol and Lengyel, 1994; Penton et al., 1994). 
To examine whether inappropriate dorsoventral pat- 
terning might contribute to the dorsal opening of hep em- 
bryos, we analyzed the expression pattern of Kriippel (Kr) 
as a marker of the dorsal-most embryonic tissue, the am- 
nioserosa (Ray et al., 1991). 
From stages l-l 2, i.e., before the onset of DC, the distri- 
bution of KR in hep embryos is indistinguishable from wild 
type, both spatially and temporally (Figures 2A and 2B; 
for a detailed description of embryogenesis, see Campos- 
Ortega and Hartenstein, 1985). The apparently normal de- 
velopment of hep embryos up to stage 13 was confirmed 
using anti-Engrailed (EN) antibodies (Figures 2C-2H) and 
other tissue-specific markers (data not shown). Two main 
conclusions can be drawn from these experiments. First, 
although hep mutations affect the fate of the dorsal region, 
the normal accumulation of the gap and segment polarity 
proteins KR and EN indicates that hep is not required for 
embryonic patterning. Second, the presence of an appar- 
ently unaffected amnioserosa indicates that the hep dor- 
sal-open phenotype is probably not a consequence of in- 
appropriate development of this tissue. In this respect, hep 
embryosdiffer from anotherdorsal hole mutant,pannier, in 
which amnioserosa cells die precociously or are absent, 
with dramatic consequences for DC (Ramain et al., 1993). 
hep Embryos Fail to Undergo DC 
The normal development of hep embryos up to stage 13 
suggested that defects take place at later stages, i.e., dur- 
ing DC itself. To trace the dynamic changes that occur 
from stage 12 onward, we stained embryos with anti-EN 
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Figure 2. The Unaffected Body Plan and DC- 
Specific Defects of hep Embryos 
Lateral views of wild-type (A) and hep (8) em- 
bryos labeled with anti-KR antibodies. In hep 
embryos, thedistribution of KR is indistinguish- 
able from wild type, and the overall morpholo- 
gies are very similar. In these stage 13 em- 
bryos, DC has not yet begun, and the dorsal 
surface is covered by the amnioserosa sheet, 
easily recognizable due to its characteristic 
KR-expressing large nuclei. Dorsal views of 
wild-type (C, E, and G) and hep (D, F, and H) 
embryos labeled with anti-EN antibodies. The 
distribution of EN-expressing cells is similar in 
wild-type and mutant embryos, confirming that 
the body plan is unaffected in hep embryos. 
From stages 13-l 5, EN is expressed in epider- 
mis as eleven stripes, thus enabling the move- 
ment of the epithelia to be traced during DC. 
The first difference observed between wild- 
type and hep embryos appears during stage 13 
when the anterior- and posterior-most stripes, 
corresponding to the dorsal ridge and abdomi- 
nal segment A7, respectively, move dorsal- 
ward (see arrowheads). While there is a 
conspicuous, increasingly accentuated dorsal- 
ward movement in the wild type (C, E, and G), 
in hep embryos no obvious migration of the 
rotype is easily observed in stage 15 embryos (H), 
type, almost all thoracic and abdominal segments 
have met on dorsal.midline and fused: Anterior is-left. 
antibodies, thus enabling the border between the amnio- 
serosa and the epidermis to be visualized (Figures 2C-2H). 
In the wild type, DC begins from the poles of the embryo 
and progresses gradually toward the center, the overall 
process lasting for about 2 hr (11-13 hr after egg laying; 
stage 13 to stage 15; Campos-Ortega and Hartenstein, 
1985; Martinez Arias, 1993). A comparison of wild-type 
and hep embryos at different stages during DC indicates 
that the dorsalward migration of the lateral epithelia is de- 
fective in hep embryos. Detailed analysis reveals an initial 
epithelial movement in hep embryos (see below), whereas 
the characteristic long range spreading is overtly abol- 
ished (Figures 2C-2H). The anterior-most stripe of EN- 
expressing cells marks a gnathal-derived structure, the 
dorsal ridge, the formation of which relies on the fusion 
of its two lateral edges at the onset of DC (Figures 2C, 2E, 
and 2G; Campos-Ortega and Hartenstein, 1985). Once 
formed, the dorsal ridge slides anteriorly and delimits a 
dorsal fold, where head structures sink during head involu- 
tion (stages 14-17). In contrast with the wild type, the dor- 
sal ridge in hep embryos remains as a cleft as a conse- 
quence of the motionless phenotype (Figures 2D, 2F, and 
2H). The absence of a functional dorsal ridge in hep em- 
bryos may well explain the disorganized head-derived cu- 
titular structures (Figure l), suggesting that the effect of 
hep mutations on the head involution process is indirect, 
The spreading defect in hep embryos is always more 
pronounced in the anterior region (Figures 2F and 2H). 
We never observed the formation of the dorsal ridge, 
whereas the A7 posterior abdominal segment does, in 
some cases, close and fuse in hep’ embryos (but not in 
hep’75 embryos). This differential sensitivity may reflect 
regional variations in mechanical constraints. Indeed, 
slightly after the onset of DC, head involution induces dra- 
matic reshaping of the anterior region, while in the poste- 
rior part, no such morphogenetic movement occurs. 
In summary, hep embryos appear unable to extend the 
dorsal epidermal primordium slightly after DC has begun. 
The hep motionless phenotype seems to be restricted to 
the dorsal epidermal primordium, since ventral closure, 
for example, occurs normally (data not shown). These ob- 
servations suggest that hep is specifically required for the 
DC process. 
Epithelial Cell Shape Changes in hep 
Mutant Embryos 
Cell elongation along the dorsoventral axis completely ac- 
counts for the approximately 3.5fold gain in epidermal 
surface during DC (Young et al., 1993). Cell sheet move- 
ment is thus intimately linked to cell elongation, though it 
is unclear which event actually drives the other. Neverthe- 
less, mutations in the DC genes put (Ring and Martinez 
Arias, 1993)andzipper(Youngetal., 1993) affectepithelial 
cell shape changes, thus enabling a correlation to be made 
between defects in DC and impaired cell elongation. 
In early stage 13 wild-type embryos (fully retracted germ- 
band), thecells of the lateral epithelium have acharacteris- 
tic polygonal shape (Figure 3A). The first changes occur 
during germband retraction, when the dorsal-most cells 
of the epithelium, the so-called leading edge, form a line 
and elongate along the dorsoventral axis (Figure 3A; 
Young et al., 1993; Ring and Martinez Arias, 1993; Marti- 
nez Arias, 1993). In put mutant embryos, these cells do 
not become arranged in a straight line and do not elongate 
(Ring and Martinez Arias, 1993). In the wild type, cell elon- 
gation is restricted to the leading edge until germband 
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Figure 3. Epithelial Cell Shape Changes during DC in Wild-Type and hep Embryos 
Wild-type (A, C, and E) and hep (6, D, and F) embryos have been labeled with anti-spectrin antibodies to reveal cell boundaries. (A) and (B) are 
lateral views, and (C)-(F) correspond to dorsal views. At the end of germband retraction, both wild-type (A) and hep (B) embryos display an 
elongation of the cells within the leading edge (see arrowheads), indicating that initiation of DC has taken place normally. At stage 15, slightly 
before the end of DC, wild-type embryos display characteristic dorsoventral elongated epidermal cells in both dorsal and lateral positions (C). In 
hep mutants (D), the leading edge is far from having reached the dorsal midline, and the cells are generally less elongated. In the embryo shown 
in (D), the four anterior-most segments have become detached from the amnioserosa and the resulting free epithelia have slackened, with the 
cells readopting a polygonal shape (D and F). When amnioserosa cells have totally degenerated, the dorsal surface is not covered, resulting in 
embryos with externalized organs (compare E and F). Anterior is left. cd, cardioblasts; br, brain; gt, gut. 
retraction is completed, and only thereafter do the more 
ventral cells change shape, concomitantly with epithelium 
movement (Figure 3C). The cell shape changes occurring 
within the leading edge therefore represent a landmark 
for the initiation of DC. 
The early events of DC, i.e., alignment and changes in 
shape of cells at the leading edge, do occur normally in 
hep mutant embryos (Figure 3B), suggesting that initiation 
of the process is correct. As DC continues, these cells 
stretch and their ventral neighbors also become elon- 
gated, indicating that the epithelium moves to some extent 
(Figure 3D). However, the leading edge then freezes in 
an intermediate position until what would normally be the 
end of DC (Figure 3D). At the end of stage 15, when DC 
is normally nearly completed (Figure 3C), both the lateral 
and leading edge cells of hep embryos appear less elon- 
gated (see Figure 3D). Once the amnioserosa begins to 
degenerate, the two lateral epithelia slacken ventrally and 
the cells readopt a polygonal shape (Figures 3D and 3F), 
in contrast with the complete elongation seen in the wild 
type (Figures 3C and 3E). As a consequence of the ar- 
rested movement, hep embryos lack a dorsal epidermis, 
and following complete amnioserosa degeneration, the 
organs such as gut, cardioblasts, and brain become exter- 
nalized (Figure 3F). 
hep Controls Gene Expression in the Leading Edge 
As already mentioned, pm affects both the behavior of 
cells in the leading edge and the process of DC. In addition, 
an enhancer-trap inserted in pm, puP’, reveals a /acZ 
expression pattern restricted to the leading edge (Figure 
4A; Ring and Martinez Arias, 1993). These observations 
thus make a strong case for a specific function of pm, 
and the leading edge, in DC. 
Since the motionless phenotype in hep embryos can be 
interpreted as a blocking of the leading edge, we reasoned 
that hep mutations could modify cell fate in this part of 
the cell sheets. To test this assumption further, we com- 
pared the pu~?~ /acZ expression in wild-type and hep em- 
bryos. In a hep mutant background, pu&69 /acZexpression 
in the margin is no longer observed (Figure 46). The same 
result was obtained with another enhancer-trap line, 
WG7773 (Bellen et al., 1989), whose expression pattern 
is also specific to the leading edge cells (data not shown). 
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9, ic:.y?tzp :,_:’ : :+.,;:.;-a Figure 4. hepControls Gene Expression in the 
Epithelium Leading Edge 
Whole-mount X-Gal staining of wild-type (A) 
and hep (6) embryos (stage 13) containing one 
copy of the enhancer-trap line pocEm. In wild- 
type embryos, f3-galactosidase activity is de- 
These data indicate that hep controls cell fate in the 
moving leading edge and that one function of hep during 
DC is to switch on specific gene expression in these cells. 
Isolation of hep Sequences and Genetic Rescue 
Genomic DNA flanking the P element in hep’ was cloned 
by transposon tagging and used to isolate genomic h 
phages and cDNAs. The genomic structures of the hep 
locus and of the five mutations described here are summa- 
rized in Figure 5. The P element in hep’ is inserted 179 
bp upstream of the ATG codon in the longest (2.2 kb) cDNA 
isolated (cDNA22). This, together witli the DNA lesions 
associated with the four hep’ lethal revertants, suggests 
that cDNA22 corresponds to a hep cDNA. 
To verify this assumption genetically, we constructed a 
chimeric HShep transgene placing the entire putative hep 
open reading frame present within cDNA22 (see below) 
under the control of the heat-inducible hsp70 promoter. 
The basal expression level of HShep is sufficient to rescue 
the maternal effect of hep mutations (Figure 6B), confirm- 
ing that cDNA22 corresponds to hep. This result was con- 
firmed using a ubiquitin promoter-hep cDNA22 transgene 
(UBhep), which allows complete rescue of both the DC 
maternal effect and zygotic lethality. Interestingly, in the 
HShep experiments, a small proportion of embryos were 
only partially and variably rescued, undergoing DC to vari- 
able extents (Figures 6C and 6D; see Discussion). Partial 
closure was not observed with UBhep constructs, indicat- 
ing that it is due to limiting amounts of hep function pro- 
vided by uninduced HShep. 
The analysis of the temporal distribution of hep tran- 
scripts in Northern blot experiments revealed an mRNA * 
of approximately 6 kb present throughout development 
(data not shown). Hence cDNA22, while carrying all hep 
functions as revealed by rescue experiments, is not full 
length and lacks some untranslated sequences. 
In contrast with the specific effects of hep mutations in 
DC, in situ hybridization to whole-mount embryos using 
cDNA22 as a probe revealed a homogeneous distribution 
of /-/ff mRNAs (data not shown). 
hep Encodes a Novel MAPKWMEK Homolog 
The complete nucleotide sequence of cDNA22 and of an 
additional 515 bp in the 3’ region was determined (Figure 
7A). The predicted hep gene product (HEP) is 467 amino 
acids long, and database searches revealed a significant 
homology to members of the MAPKWMEK protein kinase 
family(for review, see Ahn et al., 1992). As shown in Figure 
7B, HEP and other MAPKK catalytic domains display from 
tected in the cells of the leading edge. In con- 
trast, in embryos mutant for hep, the staining 
is undetectable in these cells. Dorsal views. 
Anterior is lefl. 
39% to 56% overall amino acid identity (54% to 68% simi- 
larity). More particularly, the two known phosphorylation 
sites required for MAPKK activation are well conserved 
in HEP (Figure 78; Alessi et al., 1994; Zheng and Guan, 
1994). Based on the presence or the absence of an inser- 
tion between the kinase subdomains IX and X, two MAPKK 
subgroups are distinguished (Figure 7B). As reported re- 
cently, this subdivision appears functionally relevant, 
since different human MEKs show a selective specificity 
for various MAPK subtypes (Derijard et al., 1995). HEP, 
like its closest human (MKKS and MKK4; Derijard et al., 
1995) and Xenopus (XMEK2; Yashar et al., 1993) homo- 
logs, does not possess such an insertion and, thus, likely 
represents a Drosophila homolog of the JNKK family of 
MAPKK (Derijard et al., 1995; Lin et al., 1995). 
The prediction that hep encodes a protein kinase was 
assessed biochemically. A purified glutathione S-trans- 
ferase (GST)-HEP fusion protein (Smith and Johnson, 
1988; see Experimental Procedures) undergoes autophos- 
phorylation, as reported previously for vertebrate MEKs 
(Kosako et al., 1993; Zheng and Guan, 1993), although 
poorly compared with a MAPK (Figure 7C). The absence 
Figure 5. Molecular Organization of the hep Locus 
Genomic organization of the hep locus and of a composite 2.7 kb 
cDNA. The triangle symbolizes the position of the P element in the hep’ 
strain. The lines above the restriction map indicate the DNA lesions 
associated with four hegalleles, as determined by Southern blot analy- 
sis. In contrast, no genomic aberrations were detected in two wild-type 
revertants, confirming that this class of revertants arises from precise 
excisions. The broken lines indicate DNA deletions in the 6 kb EcoRl 
fragment encompassing the cDNA, while the truncated triangles in 
hep45 and hep”’ indicate partial excisions of the hep’ P element. Below 
the restriction map is indicated one recombinant phage (hhep4) iso- 
lated from thehep region and the structure of the composite/rep cDNA. 
Broken lines indicate the introns, and the solid boxes represent the 
coding region. Restriction sites are abbreviated as follows: E, EcoRI; 
B, BamHI; H, Hindlll; P, Pstl. 
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Figure 6. Rescue of the Cell Sheet Spreading Defects with an HShep 
Transgene 
Phase-contrast cuticular phenotype of embryos derived from homozy- 
gous germline clones generated in y w hep’” FRT707lw ovoD7 P 
FRT7CJi; FLP38/+ females crossed to wild-type males (A), or to 
transgenic males homozygous for an HShep construct on the third 
chromosome (B-D). In the absence of heat shock, most embryos are 
fully rescued and develop normally(B), while a minority( - 2%) display 
DC to a variable extent (C and D), as illustrated by the variable hole 
size on the dorsal side. (A), (C), and (D) are dorsal views; (B) is a lateral 
view. 
of autophosphorylation of purified GST on its own indi- 
cates that the kinase activity depends strictly upon the 
HEP sequences (data not shown). The GST-HEP kinase 
activity is abolished in a deletion mutant removing the en- 
tire HEP kinase domain (GST-HEPAK; Figure 7C). Taken 
together, the structural and biochemical data stronglysug- 
gest that hep encodes a protein kinase of the MEK family. 
Discussion 
A Novel MAPK Pathway in Drosophila 
In a number of organisms, including yeast, nematode, and 
human, multiple gene isoforms for components of the 
MAPK pathway have been identified. This has led to the 
general idea that eukaryotic cells use related, but function- 
ally different, MAPKpathway“modules”(Davis, 1994; Her- 
skowitz, 1995). In yeast, six distinct MAPK pathways have 
been identified that control, for example, mating, response 
to changes in osmolarity, or cell wall integrity (Blumer and 
Johnson, 1994; Herskowitz, 1995). In Drosophila, only one 
MAPK pathway has been identified so far, and it is the 
focus of intense genetic and molecular analysis (for re- 
view, see Perrimon, 1994; Dickson and Hafen, 1994). In 
contrast with the situation in yeast, this pathway was 
shown to transduce signals received from at least three 
different receptor tyrosine kinases (RTKs), encoded by the 
genes torso (for), the Drosophila EGF receptor homolog 
(DE/?), and sevenless (sev); the three Drosophila RTKs 
act in different tissues and/or at different developmental 
stages to specify the embryonic termini, the dorsoventral 
polarity, and the fate of the R7 photoreceptor in the com- 
pound eye, respectively. Because the same Drosophila 
MAPKK gene (Dsorl; Tsuda et al., 1993) and the same 
ERK gene (rolled; Biggs et al., 1994; Brunner et al., 1994) 
participate in all three pathways, it was suggested that 
they could represent RTK-specific signal transducers (Hsu 
and Perrimon, 1994). The identification of hep now strongly 
indicates that, in addition to the above pathways, at least 
one additional MAPK pathway acts in Drosophila develop- 
ment to control DC. Three independent observations indi- 
cate that hep participates in a different, and therefore novel 
MAPK pathway. First, sequence comparison between 
HEP and DSORl indicate that they belong to two function- 
ally separate MEK subgroups, suggesting that they acti- 
vate different MAPK substrates (Davis, 1994; Derijard et 
al., 1995; Lin et al., 1995). Second, several genetic 
screens failed to identify hep as a modifier of the rolled 
(MAPK) pathway, whereas alleles of Dsorl were isolated 
by this procedure (Tsuda et al., 1993; Lu et al., 1994). 
Finally, we have tested directly the potential suppressor 
activity of a rolled gain-of-function mutation, Sevenmaker We report here that hep is required for DC of the Drosoph- 
ila embryo. Specifically, embryos lacking both maternal (Sem), in hep mutant embryos. Whereas Sem suppresses 
and zygotic hep functions initiate but fail to complete DC, 
resulting in a characteristic dorsal-open phenotype. Sev- 
eral lines of evidence indicate that these developmental 
defects are due to dysfunction of a novel Drosophila 
MAPKK protein encoded by the hep locus. First, all five 
hep alleles described here carry DNA lesions within the 
hep locus. Second, expression of either HShep or UBhep 
transgenes is able to rescue the DC defects associated 
with hep mutations. Finally, structural homology of the pre- 
dicted hep gene product with MAPKK proteins and the 
ability of HEP to undergo autophosphorylation in vitro are 
consistent with hep encoding a novel Drosophila MAPKK 
hom.olog. 
These data suggest that hep participates in a MAPK 
pathway, which we refer to below as the DC signal trans- 
duction pathway. 
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Figure 7. Nucleotide and Protein hep Sequences and the Ability of HEP Protein to Autophosphorylate 
(A) Nucleotide sequence of a composite hep cDNA and deduced amino acid sequence. The catalytic domain is underlined. The positions (closed 
triangles) and sizes of introns are given. The P element in hep’ is inserted at position 464 in the 5’ mRNA leader (open triangle). 
(6) Sequence alignment of HEP and other MEK catalytic domains using the CLUSTALV alignment program. Hep, Drosophila Hemipterous; huMKK3, 
human MKKS; huMKK4, human MKK4 (Derijard et al., 1995); XMEK2, Xenopus laevis MEK2 (Yashar et al., 1993); huMEK1, human MEKl (Seger 
et al., 1992); Dsorl, Drosophila suppressor of D-raf (Tsuda et al., 1993). The two sites of activating phosphorylation in MEK are indicated by open 
arrowheads. Division into subdomains I-XI is according to Hanks et al. (1988). Gaps introduced to optimize the alignment are represented by 
dashes. Identical residues are indicated by a black background, while similar amino acids are in stippled. The identity and similarity of MEK with 
HEP were calculated to be asfollows(percent identity to percent similarity): huMKK4, 56%/68%; XMEKP, 56%/660/o; huMKK3,48%/62%; huMEK1, 
40%158%; DSORl , 40%157%. 
(C) Autophosphorylation of HEP. Purified GST-MAPK, GST-HEP (GST-Hep), and GST-HEPAK (GST-HepAK) fusion proteins were incubated 
in the presence of radiolabeled ATP, run on an SDS-polyacrylamide gel, and autoradiographed. The autophosphorylation of GST-HEP depends 
on the C-terminal kinase domain, since a construct with a deleted domain (GST-HEPAK) is no longer able to autophosphorylate. 
upstream loss-of-function mutations in the tar and sev 
pathways (Brunner et al., 1994), it is unable to suppress, 
not participate in the same pathways during Drosophila 
even partly, the DC defects observed in hep embryos (data 
embryogenesis. We suggest that another as yet unidenti- 
not shown). Both results indicate that HEP and Rolled do 
fied MAPK exists in Drosophila, which, acts in the DC 
pathway. 
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Role of hep in DC 
The behavior of epidermal cells during DC is well docu- 
mented in wild-type embryos and in a few mutant back- 
grounds (Young et al., 1993; Ring and Martinez Arias, 
1993; Martinez Arias, 1993; Fehon et al., 1994). Both from 
these studies and from our observations, the DC process 
in each segmental unit can be schematically divided into 
three steps: initiation, i.e., determination of the epithelium 
as morphogenetically competent; spreading, which con- 
sists of the coordinate dorsalward movement of the two 
lateral epithelia; suture of the convergent epithelia at the 
dorsal midline. We present evidence here that hep muta- 
tions specifically block spreading, a phenotype not pre- 
viously described. In contrast with put (Ring and Martinez 
Arias, 1993), our data suggest that hep is not required for 
the initiation phase. Conversely, since hep embryos do 
not close, we cannot exclude the possibility that hep also 
plays a role in the suture of epithelia at the dorsal midline. 
What is the role of hep in cell sheet spreading? Careful 
inspection of hep embryos suggests that spreading pro- 
ceeds in two separate phases, one hep-independent and 
the other not. The initial short-range movement of the epi- 
thelium observed in hep embryos may reflect a morphoge- 
netic activity of the epithelium independent of hep func- 
tion. But, since none of the hep mutations studied here 
is a confirmed null allele, this apparently intrinsic morpho- 
genetic activity may also be due to some residual hep 
function. In a second phase, however, hep is clearly re- 
quired for the displacement of the epithelium margin from 
an intermediate position to its final location, at the dorsal 
midline. As a whole, this process lasts for about 2 hr, and 
an important question is how hep works during this phase: 
i.e., is it necessary to trigger the movement, or is it rather 
required during the process? One way to address this 
question is to sensitize embryos by providing them with 
threshold amounts of the hep product, as in our rescue 
experiments using HShep. While most embryos were res- 
cued, a small proportion displayed variable degrees of 
incomplete DC, as illustrated by.the variable size of their 
dorsal hole (Figure 6). That DC aborted at different inter- 
mediate stages strongly suggests that hep is required for 
maintenance of the morphogenetic activity of the epider- 
mal epithelium. Indeed, if hep were only a trigger for cell 
sheet movement, one should not observe embryos with 
some, but not all, segmental units fused. 
Although hep is clearly crucial for correct spreading, it 
is not clear which cell type(s) requires its function. The 
gene is uniformly expressed in embryos, and it is not possi- 
ble to correlate this pattern with any localized requirement. 
However, we show here that the hep motionless pheno- 
type is accompanied by misexpression in the margin of the 
pw9 enhancer-trap. This finding therefore represents 
strong evidence that hepfunction is required in the leading 
edge. The question of whether hep is specifically required 
in the margin could be addressed further using the GAL4 
System to direct hep expression in these cells during DC 
(Brand and Perrimon, 1993). The requirement of hep+ for 
norrnalpu~~~~ expression reinforces the notion of a particu- 
lar status of the leading edge (Martinez Arias, 1993) and 
suggests that this line of cells is crucial in the displacement 
of the entire cell sheet toward the dorsal midline. 
Based on our data, the role of hep, and the postulated 
DC signal transduction pathway, can be viewed as a switch 
between two alternative cell sheet behaviors. In this view, 
signaling via hep is sufficient to convert the motionless 
dorsal epidermal primordium to a movable entity. This be- 
havior appears to be reversible in embryos with limiting 
amounts of hep, in which the cell sheets become fixed 
again. This switch model predicts that the initiation/ 
spreading and spreading/suture transitions may corre- 
spond to the turning on and off of the DC signaling path- 
way, respectively, and that the activity of the putative DC 
signal might fit these variations. 
Control of Cell Sheet Movement 
by a MAPK Pathway 
We show here that concerted cell sheet movement re- 
quires signaling via a novel MEK, thus providing a link 
between this morphogenetic process and MAPK path- 
ways. This finding suggests for DC a signal transduction 
mechanism similar to that shared by other known MAPK 
pathways (Blumer and Johnson, 1994; Herskowitz, 1995). 
Few target genes of the MAPK pathways have been 
identified in metazoa. In the Drosophila tar pathway, ex- 
pression of the tailless gene is regulated at embryonic 
termini (Tsuda et al., 1993) while phyllopod, which en- 
codes a novel nuclear protein, has been recently identified 
as the first immediate transcriptional target of the sev path- 
way in the Drosophila retina (Dickson et al., 1995; Chang 
et al., 1995). The hep-dependent activation of pucEsg ex- 
pression in the cells of the leading edge makespoc a good 
candidate for a downstream genomic target of the DC 
pathway, a possibility that can now be examined at the 
level of PUC mRNA expression. The differences observed 
between put (Ring and Martinez Arias, 1993) and hep DC 
initiation phenotypes suggest in turn that hep may induce 
other cell responses apart from the control of put gene 
expression. The other so far identified genes with a dem- 
onstrated function in DC encode a 6-integrin subunit 
(/(l)myospheroid; MacKrell et al., 1988), nonmuscle myo- 
sin heavy chain (zipper; Young et al., 1993), a Drosophila 
homolog of the 4.1 vertebrate membrane-skeletal protein 
(coracle; Fehon et al., 1994), and a transcriptional regula- 
tor homologous to vertebrate GATA-1 (pannier; Ramain 
et al., 1993; Winick et al., 1993), suggesting critical roles 
for the cytoskeleton, cell adhesion, and as shown here, the 
control of gene expression in the process of DC. However, 
although these proteins are clearly involved in several as- 
pects of epithelial and amnioserosacell function, their par- 
ticipation in acommon pathway remains to beestablished. 
Undoubtedly, the characterization of additional DC genes 
among those affecting the formation of the dorsal epider- 
mis, in combination with screens for genetic modifiers of 
hep, will help to identify the molecules that cooperate in the 
DC morphogenetic process and should provideanswers to 
some of the following questions. How are the cytoskeleton 
and cell adhesion molecules connected to MAPK path- 
ways in cell movement? Does the DC signal transduction 
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pathway share components with other well studied path- 
ways? And finally, have the mechanisms of cell sheet 
movement in Drosophila been conserved during evolution? 
Experimental Procedures 
Genetics 
A description of genetic markers and chromosome balancers used in 
this study can be found in Lindsley and Zimm (1992). The P element 
hep’ mutation was isolated from a ry 506 stock transformed by a P[ry+; 
sry-lacz] transposon (Noselli et al., 1992). 
The P insertion in hep’ was mobilized by providing an external 
source of P transposase, and excisions were selected through the 
loss of the ry’ marker. Of the 34 excision lines tested, 4 (hep? hepT45, 
hep”’ , and hepr75) bore an X-linked larval lethality. 
Homozygous germline clones for hep’ mutations were induced by 
mitotic recombination using the FLP-DFS technique (Chou and Perri- 
mon, 1992). The progeny of y w hep’ FRJIOIIFMG; +I+ females 
crossed to w ovoD’ vZ4 FRJ7OIIY; FLP381FLP38 males were heat 
shocked (37%) for 1 hr at pupal stage to induce mitotic recombination. 
Then, y w hep’ FRJlOllw ovoD’ P FRJ707; FLP38/+ females were 
mated to Oregon-R wild-type males. The progeny were allowed to 
develop for 1 day at 22%, before collecting dead embryos for observa- 
tion of cuticles as previously described (Wieschaus and Ntisslein- 
Volhard, 1986). 
Isolation and Sequence of Genomic and cDNA Clones 
Handling of phages and DNA and Iibraryscreenmgs followed standard 
methods (Sambrook et al., 1989). To isolate sequences flanking the 
P[ry+] element in hep’, genomic DNA was double digested with Pstl 
and Ncol to make a size-selected library in a plasmid derived from 
pSP64 (Promega). Screening with a probe corresponding to the 3’end 
of the P element identified clones containing 9 kb of genomic DNA. 
This insert was subsequently used as a probe to isolate several clones 
from a hCharon4 genomic library (Maniatis et al., 1978). The hhep4 
phage, which encompasses the hep’ P insertion, was finally used to 
isolate cDNAs from staged 8-12 hr and 12-24 hr embryonic libraries 
(Brown and Kafatos, 1988). To isolate additional 3’ sequences, we 
performed RT-PCR cloning experiments using forward (5’~CCTAAT- 
TCCTAATACCATTTC-3’) and reverse (5’~CCGTTTCCTCTTCCATT- 
TCC-3’) primers, which hybridize to positions 2103-2123 and 2674- 
2693 in the cDNA sequence, respectively. Reverse primer is included 
in a 342 bp BamHl genomic fragment located 1.5 kb to the 3’ end of 
cDNA22 and hybridizing to hep transcripts in Northern blot experi- 
ments. Comparison of the size of PCR products generated from cDNA 
and genomic DNA indicates the presence of an approximately 1 .I kb 
intron. 
The nucleotide sequence of the composrte 2.7 kb cDNA was deter- 
mined on both DNA strands by dideoxy sequencing using Sequenase 
(United States Biochemical Corporation). The hep genomic DNA was 
partly sequenced on onestrand to map intronlexon boundaries. lntrons 
2,3,4,5, and approximately 90% of sequences contained in the cDNA 
were sequenced from genomic DNA. The cDNA and relevant genomic 
fragments were subcloned and sequenced after clones with a series 
of deletions were produced using Exolll nuclease (Sambrook et al., 
1989). : 
Genetic Rescue Experiments 
The H.Shep construct was made by introducing cDNA22 (nucleotides 
1-2189 in Figure 1) fragment bordered by BamHl and Xbal restriction 
sites into the -8glll and Xbal sites of the transformation vector 
pCaSpeR-HS (Thummel and Pirrotta, 1992). The UBhep construct was 
made by introducing a 4.5 kb Notl fragment containing ubiquitin pro- 
moter-(2.1 kb fragment obtained from plasmid RHXpHSS7-Up2; pro- 
vided by R. Fehon)-hep cDNA22-hsp70 3’ UTR region into the Notl 
site of the pCaSpeR4 transformation vector (Thummel and Pirrotta, 
1992). Four independent H.Shep lines were tested, and all rescued 
hep embryos without heat shock. Three independent UBhep lines were 
tested and rescued DC defects and zygotic lethality. To test rescue of 
DC defects, either homozygous hep’ females or homozygous germline 
clones generated in y w hep’” FRT707Iw ovoD’ vz4 FRT707; FLP38/+ 
females were crossed to males carrying either homozygous or bal- 
anced H.Shep or UBhep constructs. Cuticle preparations of dead em- 
bryos were performed as described above. Rescue of the zygotic le- 
thality was assessed by checking y w hep?Y; P[UBhep; mini-w+]/+ 
adult males in the progeny of y w hep’lFM6; +/+ females mated to 
w/Y; P[UBhep; mini-w+]/TMB, Sb or P[UBhep; mini-w’]lCyO males. 
lmmunocytochemistry and X-Gal Staining 
Unless otherwise noted, stainings were performed on the phenotypi- 
tally homogeneous progeny of hep’lhep’ females mated to hep’ males. 
Whole-mount antibody staining of staged embryos was performed as 
described by Ashburner (1989), and revelation was done using the 
HRP ABC kit (Vectastain). For X-Gal stainings, hep’lhep’ females were 
mated to either hep’/Y; WG7 173/+ or hep’/Y; poc9+ males and al- 
lowed to lay eggs for 15 hr. Then, embryos were collected and stained 
for 8-galactosidase activity according to standard protocols (Ash- 
burner, 1989). 
Protein Purification and Kinase Assays 
The vector pGST-MAPK expressing a recombinant Chinese hamster 
GST-P~~~“~~ was a gift of J. Pouyssegur. The pTPVE plasmid was 
constructed by restricting pTZ18R with Smal and EcoRl and inserting 
a 1.5 kb Pvul (blunted with T4 DNA polymerase)-EcoRI fragment from 
cDNA22. To create pGST-HEP, pGEX-B (Valle et al., 1992) was re- 
stricted with BamHl and EcoRl and ligated with a BamHI-EcoRI frag- 
ment from pTPVE, fusing in-frame GST to the entire hep ORF except 
the first ten amino acids. pGST-HEPAK was constructed by internal 
deletion of the kinase domain in pGST-HEP plasmid cut with Eagl 
and EcoRI, treated with Klenow, and self-ligated. Expression and purifi- 
cation of various GST fusion proteins followed the technique described 
by Smith and Johnson (1988). Protein kinase assays were done in 
kinase buffer as described by Kosako et al. (1993). The reactions were 
terminated after 30 min at 37% by addition of Laemmli sample buffer. 
Autophosphorylation was examined after SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) by autoradiography. 
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